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ABSTRACT

A genuine two-fluid model of plasmas with collisions permits the calculation of dynamic (not necessarily

static) electric fields and double layers inside of plasmas including oscillations and damping. For the first time a

macroscopic model for coupling of electromagnetic and Langmuir waves was achieved with realistic damping.

Starting points were laser-produced plasmas showing very high dynamic electric fields in nonlinear force-produced

cavitous and inverted double layers in agreement with experiments. Applications for any inhomogeneous plasma as

in laboratory or in astrophysical plasmas can then be followed up by a transparent hydrodynamic description.

Results are the rotation of plasmas in magnetic fields and a new second harmonics resonance, explanation of the
measured inverted double layers, explanation of the observed density-independent, second harmonics emission

from laser-produced plasmas, and a laser acceleration scheme by the very high fields of the double layers.

I. INTRODUCTION

There is a close similarity between the double layers in the surface of laser-produced plasmas and a wide

class of astrophysical plasmas (Hora, 1975). In both cases a high temperature plasma is produced which expands

into vacuum or into gases of much less density. During this dynamic process, a separation of space charges will
happen at the plasma surfaces when the equithermal electrons with their much higher velocity than that of the ions

will expand much faster generating first a negatively charged cloud followed by a positively charged cloud of the
ions. Then the more or less homogeneous and space charge quasi-neutral plasma follows. The separation of the

electrons and ions with a net neutral charge is a double layer (DL) in which electric fields persist within these plasma
areas (Fig. I). These fields were suggested for explaining phenomena in extraterrestric plasmas by Alfv6n (1958)

not without hefty opposition of other plasma theoreticians. Even the more advanced presentation (Alfv6n, 1981)

was commented by Kulsrud (1983) as "Alfv6n's electric fields whose origin is intuitively not clear." These fields

and double layers were also suggested to be involved with the solar atmosphere (Alv6n and Carlqvist, 1967;

Carlqvist, 1979, 1982; Torv6n et ai., 1985), in the ionosphere and magnetosphere of the Earth and the magneto-
sphere of Jupiter (Shawhan, 1976), and with the striated structure of the barium clouds when expanding in the
ionosphere (Haerendel et al., 1976).

In laser-produced plasmas, these double layers in the surface of the expanding plasma were thought to be

involved with the measured speeding up of the ions to multi-kiloelectronvolt energies as measured by Linlor (1963)

while the particle temperatures were 100 eV or less. However, the analysis of the double layer (Hora et al., 1967)
with a derivation of its thickness being of a Debye length (Hora, 1975) arrived at a number of accelerated ions which

was 105 times less than measured. A completely different acceleration mechanism had to be derived by nonlinear

forces (as a generalization of the ponderomotive forces) of nonthermal electrodynamic interaction of the laser radia-
tion with the plasma (Hora, 1969).
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Thedirectexperimentalproofof thedoublelayerandhighelectricfieldsin laser-producedplasmaswas
givenby MendelandOIson(1975)wherethebendingof an ionbeampassingthedoublelayerledto themea-
surementof electricfieldsof 10kV/cm.Thegenerationof electrostaticpotentialswasmeasuredby Pearlmanand
Dahlbacka(1977),andamoredetailedstudyusingRogowskicoils(EliezerandLudmirsky,1983),Figure2,witha
hightemporalresolutionto 50psecor less(Ludmirskyetal., 1985;Eliezeretal., 1986)arrivedatthediscoveryof
theinverteddoublelayersandspatiallyoscillatingbehaviorof thedoublelayers(Horaet al., 1984).

Thefirst measurementof thedoublelayersin spaceplasmaswasnotbefore1977(Mozeret al., 1977;
Temerinetal., 1982;TemerinandMozer,1984)using$3-3satellitedata.Theseresults,togetherwiththelabora-
toryexperimentsondoublelayersasreviewedby Hershkowitz(1985),emergedfromtheinitial theoryonplasma
doublelayersbyLangmuir(1929),Bohm(1949),Bernsteinetal. (1957),andKnorrandGoertz(1974),andfrom
computersimulationsbyDeGrootetal. (1977)andSatoandOkuda(1980).TurbulencetheorybyYabeetal. (198!)
arrivedat electricfieldsinsideof theseturbulenceareasandmaybe interpretedassomesortof adoublelayer
behavior.Thelaboratoryexperimentsshoweddoublelayersin mercurydischarges(Torv6n,1981;Stangebyand
Allen, 1973),Q machines(Satoetal., 1976),andtripledeviceswheretwoplasmasatdifferentelec.tricpotentialare
connectedthroughgridsbyaplasmawhichhasthenadoublelayeraccordingtothedifferenceofthevoltagesplus
thedifferenceof thetemperaturesbetweenthetwoouterplasmas(CoakleyandHershkowitz,1981;Quonand
Wong, 1976;Leunget al., 1980).Thegeometrycanbe one-dimensional(Hershkowitzet al., 1981),two-
dimensional(Bakeret al., 1981),or three-dimensional(Merlinoet al., 1984).

A specialmotivationforstudyingthedoublelayerin laser-producedplasmawasgivenfromthetheoryof the
nonlinearforce(Hora,1969,1974,1981;Lindl andKaw, 1971;PerattandWatterson,1977;Peratt,1979).The
electrodynamic,dielectricallycausedaccelerationof plasmabylaserradiationisbasedontheforceactingonthe
highdensityelectrongasin theplasmabeingpushedorpulledandtheiongashastofollowthenbytheelectricfields
generatedbetweenthetwofluids.Whentheessentialpropertiesofthenonlinearforcewerederivedfromthespace
chargequasi-neutralplasmamodel(Hora,1969),thementionedfieldsweredisguisedbythepresumptionsof the
model.However,theexistenceof thefieldsof thedescriptionof thesingleelectronmotion(Hora,1971)was
evident,anda searchwasoverduesincethebeginningof theworkonthenolinearforcein 1965.

Whilethetreatmentofthedoublelayersandthehighelectricfieldsisessentiallynoproblemonthebasisof
thekinetictheorywiththeVlasovequation(KnorrandGoertz,1974),theinclusionof collisionsfortheconditions
ofthehighdensitylaser-producedplasmaswouldhavebeennecessaryforwhichthecomplicationsof thecollision
processesfor thekinetictheorywouldbeaproblem.Howimportantthecollisionprocessesarein laser-produced
plasmacanbeseenfromseveralexamples.Simply,theclassicalopticalconstants(Hora,1981)canbeevaluated
onlybycarefullywatchingthenumericalproblemsclosetoapoleoftherelatedfunctionswherethechangeof the
realpartor theimaginarypartof theopticalconstantcanbebyafactor10 3 or much more for a change of the plasma

temperature or the plasma density by less than 1 percent. Another drastic example is the theory of Denisov's reson-

ance absorption (to distinguish from a new resonance found by Hora and Ghatak, 1985) where the derivation based

on the electric field by White and Chen (1974) arrived at a negative infinite pole of the function for the effective

dielectric function of the plasma was collisionless. Introducing a tiny little bit of absorption (collisions), however,

caused a swap of the pole from minus infinity to nearly plus infinity (Hora, 1979). Collisions are therefore essential
in laser-produced plasmas.

The use of N-particle simulation of the plasma (with N = l0 6) by computers could again not be used as the

physics of the collisions could be covered yet only in a limited way and only first attempts have been done to

correctly treat Coulomb collisions now in a simplified way by using supercomputers (Yabe, 1985). The difficulties

in this macroscopic theory, however, are in the presumptions of space charge quasi-neutrality that could not at all be

used to treat the electric fields or double layers in plasmas. It even could not describe the coupling of the longitudinal

("electrostatic") Langmuir waves with transversal electromagnetic waves in plasma (Schamel, 1979).
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II. THE GENUINE TWO-FLUID MODEL

The macroscopic hydrodynamic theory for the consequent description of the double layers and the generated

electric fields required the use of the complete two fluids for electrons and ions including collisions, viscosity,

equipartition of temperatures between ions and electrons, optical constants with the correct nonlinear dependence

on the laser intensity (about an incorrect formula, see e.g., Duderstadt and Moses, 1983), and including the general

expression of the nonlinear force apart from the thermokinetic force given by the gas dynamic pressure (Hora, 1969,

1981, 1985a). In one spatial dimension, the problem was then to solve the following seven quantities depending on

the spatial coordinate x and the time t for given initial and boundary values: the density, temperature and velocity (in
the x-direction) for electrons, the same for ions (ne, Te, ve, n_, T_, Vi) and the electric field E (in the x-direction)

differing from the external electric and magnetic fields EL and He of the incident laser radiation. For the seven

functions, seven differential equations are available: the equations of continuity for electrons and ions, the

equations of motions for electrons and ions, the equations of energy conservation for electrons and ions, and the

Poisson (or better Gaussian) equation (Lalousis and Hora, 1983). For the whole three-dimensional description there

have to be added the two variables for the other components of the electron velocity and the same for the ion

velocities for which the four further velocity components of the equation of motion are accounted. Instead of the

longitudinal electric field component E of the one-dimensional case, all three components of E and that of the

magnetic field H generated in the plasma during the complex dynamics have to be included for which instead of the

Gaussian law in one dimension, the six components of the Maxwellian equations have to be used. All together, there

are 16 equations for the 16 quantities to be determined in space and time, automatically also reproducing the

complete development of the so-called spontaneous magnetic fields in the laser-produced plasmas.

The solution of the one-dimensional problem allowed for numerics is very complicated in this general

property of the plasma because the time steps have to be very much shorter than the shortest plasma oscillation time.

For the plasmas at irradiation with neodymium glass laser radiation, the time steps have then to be shorter than 0.1

fs. In order to arrive at physically detectable results in the picosecond scale, long computer runs have to go on,

where for each time step the Maxwellian equations also have to be solved for the incident laser radiation with the

correct conditions for the reflected wave. For the treatment of the reflection field, a very quick computation by a

matrix procedure was invented (Lalousis, 1983). The whole computation had to be using a very unusual Eulerian

code instead of the usual Lagrangian codes because of the appropriate inclusion of the description of the electric

fields produced inside the plasma. The basic problem of the boundary conditions in this case ran into instabilities,

and a special new method for a stable solution had to be discovered as derived by numerical experiments (Lalousis,
1983; Lalousis and Hora, 1984).

The results described in the following were attained by using a CD 7600 computer and a Cray 1. The stability

of the computation and the correctness of the output was confirmed after the runs up to the picosecond range by

checks of the conservation of energy. Also the fact that the gain or loss of energy of relativistic electrons, fired

through the then not longer static and conservative electric fields with potentials, but having the dynamic electric
fields E where

E- dx _ 0 (1)

resulted in reasonable numbers of the gain or loss of electron energies (Green et al., 1986), was a proof of the correct

computations.
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III. ELECTRIC FIELDS, DL'S, AND OSCILLATIONS IN PLASMA
WITHOUT LASER INTERACTION

When using the genuine two-fluid code, the appearance of strong electric oscillations was marked. For a

plasma without laser irradiation, the following initial condition was chosen; a fully ionized hydrogen plasma slab of

10 Ixm thickness with a linear increase of the electron density from 5 x 1020 cm -3 at x = 0 to 102t cm -3 at x = 10 Ixm

was taken at time = 0 with same ion density and an electron and ion temperature Te = Ti = 10 3 eW at t = 0. The

initial velocities were ve = vi = 0 everywhere at t = 0 and, consequently, the electric field E = 0 at t = 0. Working
with time steps of 1.5 × I0-_6 s (1/30 of the shortest plasma period of 5 x 10-_5 s) at x = 10 Ixm, expanding plasma

showed a very strong oscillation of the electric field displayed by electrons moving down the ramp and being

returned. The field was always negative, never positive, because the electron cloud went back to the initial position

within the ions or less. At later times an "ambipolar" oscillation field was noted (Figs. 3 to 5) which decayed faster

when the initial plasma temperature was lower (higher collision frequency). The oscillations were damped out and a

bent profile of the electric field resulted, nearly unchanged along the whole expanding plasma profile. The field had

the highest negative values at x = 0 of 2.6 × 10 6 V/cm. This value was interpreted for a temperature of 10 3 eV and a
length of 10 -3 cm, reaching a value of 3 x 10 6 W/cm, of a "potential" of 10 3 kT was assumed. As we have a

time-dependent evaluation of the field E due to the plasma dynamics, we have no longer a conservative field and

therefore no potential. These fields are then, strictly speaking, no longer electrostatic fields, and the generated

double layer is, strictly speaking, not an electrostatic double layer, though the result is close to the picture of one.

An analytical description of the numerically very general result is possible with some approximations: The

Poisson equation, which was formulated for a potential as an inhomogeneous differential equation to the homogen-

eous Laplace differential equation, is then only an approximation as the fields are, strictly speaking, no longer

conservative. The following Gauss law was used where ne and n_ have to be considered as time-dependent. The

non-conservative character of these fields, equation (1), can be used to produce an acceleration or a stopping of

charged particles by manipulating the time dependence of ne and ni. From the time-dependent electric field, we get

the Gauss law by time differentiation, substitution of the equations of continuity, and integration over the spatial
coordinate (without discussing the integration constant),

a
E = 4rre(neV e - Zvin i) (2)

at

Further time differentiation, substitution by the equations of motion and re-arrangement of the terms with the colli-
sion frequency v results in

where

a2E aE+ 4rre a
+ v _ COpo2E = E0wpo 2 + m (EL2 + HL2)/8r r + 41rev(neVi _ Znive)

at 2 m e ax

__ [._.x ( __ 2) _._x] 3n3kTe
E0 = 4rre 3 3nikTi + 2nivi _ + neVe 2

COpo2 \ m i m e

(3)

(4)
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and

n Z2n i

C°P° 2 = 4rre 2 -e +
m e m i

(5)

The driving laser field EL and HL were used for the following section. Neglecting (3) for v << tOpand assuming a

vanishing laser field (EL = HL = 0), the local solution of (3) results in an electric field,

E:E0ll°xp/E os
+ 2V/COpo2 _ v2 P°2 - (6)

which oscillates with a frequency close to the plasma frequency. These oscillations, however, are damped (ex-

ponentially decaying)by the collision frequency such that after a time t >> 2/v a nearly constant electric field E

remains, as seen numerically (Fig. 5). This field E is determined by the spatial gradients of the enthalpy of the ions
and electrons given in the brackets within the square bracket of equation (4) divided by the particle masses.

The (nearly static) electric field has an understandable order of magnitude at least for the early time of the

damping processes of an initially stationary inhomogeneous plasma where any electron and ion velocity is small and
from the big ratio of the ion to the electron mass. It follows,

E_
4_e a

_po2me _x 3nekTe
' (7)

or

1 d
9 m

eE_ ne dx 3nekTe ' (8)

We see that the electric field E is simply caused by the gradients of the electron density and/or the temperature
temporally changing. Therefore the expression "inhomogeneity field" or "dynamic electric field" has been used. In

the stationary approximation (8) the inhomogeneity field corresponds to the (thermionic) work function for the

electrons that moved from the plasma interior to the vacuum (or an electrode) outside corresponding to the spread
Debye sheath (Hora, 1983).

This result of a quasi-potential value eEi£ = eVc = 3kTe corresponds to the measured 600 volts in a

tokamak of a maximum temperature of 200 eV where the missing factor 3 was mentioned as an unexplained result

(Razumova, 1983). If there are experimental conditions where, instead of a factor 3, a factor I0 (Eliezer and

Ludmirsky, 1983) has been measured from the electric fields in laser-produced plasmas with (spread) Debye lengths

over 10 to 100 times of its usual value, this may be explained for the more general conditions of the time developing

enthalpy in (4) which was simplified in (8). Higher values than a factor 3 were also measured in cases of double layer
experiments.
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IV. ELECTRIC FIELDS AND DL'S WITH LASER INTERACTIONS

For the case of incident laser radiation, the computer output of the following cases will be discussed (Hora et

al., 1984). A 25 _m thick plasma slab of initial 103 eV temperature and zero velocity with an ion and electron

density of symmetric parabolic shape very close to the value in Figure 6 for t = 0.5 ps is given. No laser interaction

occurs during the first 0.5 ps such that the minor thermal expansion does not change much of the initial density

profiles while this time is long enough to damp down the fast electric oscillations. At t = 0.5 ps, a neodymium glass

laser field incident from the left-hand side is switched on with a vacuum amplitude of 1016 W/cm 2. The resulting

electric field density E-L-TL/8"rraveraged over a laser period is given in Figure 7 showing an exponential decay for x > 8

_m because of superdense plasma there. At several time steps up to 1.5 ps, the resulting densities (Fig. 6) and ion

velocity (Fig. 8) are given. The density (Fig. 6) shows a strong minimum (caviton) at x = 5 txm indicating the

predominance of the nonlinear force-driven ponderomotion. Plasma blocks with ion velocities up to 10 7 cm/s are

created in agreement with simplified estimates of the strong acceleration densities.

The resulting differences of the ion and electron densities are given in Figure 9. They cause fast changing
electric fields E given in Figure 10 reaching values beyond 108 V/cm. This value corresponds to the expected

numbers: the dielectrically swollen laser field EL in the plasma can be up to 10 _ V/cm decaying to zero within 10 -3

cm.

Using similar simplifying approximations as in equation (6), including the oscillating laser field, the long-
itudinal (dynamic electric) field E from (3) is given by

I_ (3nikTi 2) a (3nekTe 2) 1 _.,_..E = 4rre m + Znivi -_x m + neVe + u (EL2
\ m i \ m e m e _x

+Hi2)/8rr 1 II-exp(-2 t) cOSWptl + _P 2-46°2
(_p2-4w2)2+v2w 2

×
47re a 2vw 4rre

me 3x (EL2 + _-_ __L2) cos 2cot + 2 4co2)2 + v2co2 m e bx
(COp -

(EL2 + HL2) sin 2cot

(9)

where the first term represents the former quasi-static field E, (4) with its damped-fast oscillations but modified by

the amplitude of the fast time-averaged laser field density EL2 + HE2 which is dominant before the gas dynamic

pressure nekT e acts. As EL2 + HE2 changes fast (still very slow compared to the laser oscillation time), a quite
complicated result for E_ can be seen in Figure 12, in which the exact result is given without the simplification of

equation (9). Considering the complicated time dependence of n_, n e, T i, T e, Etjand HE, the term "potential" is no
longer applicable and E is a dynamic electric field following equation (1). Only at stationary conditions, the

pressure may be a potential or one may consider a ponderomotive potential.

The second and last terms in equation (9) oscillate quickly with twice the laser frequency. As Es is directed to

the x-direction, i.e., perpendicular to the EL of the laser field, we have -- obviously for the very first time -- the

coupling of the transverse electromagnetic wave with the, longitudinal plasma waves which is made possibly only by

overcoming the restriction of the quasi-neutrality of the earlier two-fluid theory, and without the artificial inclusions

of microscopic model assumptions. The last term in equation (9) has a resonance denominator, causing a very steep

increase of the oscillation amplitude at 2to = tOp. As we consider a case of purely perpendicular incidencewithout
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any surface rippling and no self-focusing, we have here a new type of resonance mechanism acting in the evanescent

part of the wave in a depth of 4 times the critical density, if there is still sufficient laser intensity. This resonance is

basically different from Denisov's reesonance absorption which works at oblique incidence for p-polarization only
(Denisov, 1957). The new type of perpendicular incidence resonance can be significant (Hora and Ghatak, 1985) as
will be discussed in Section V with other phenomena.

The numerical result of Figure 9 can explain the inverted double layers in laser-produced plasmas if cavitons

are produced by the nonlinear forces. The existence of the electric fields in plasma surfaces had been shown directly
by electron beam probes and from electrostatic acceleration of a small number of the nonlinear force-accelerated

ions. A more systematic experiment was done by Eliezer and Ludmirsky (1983), Ludmirsky et al. (1985), and

Eliezer et al. (1986) where the temporal dependence of charge of the expanding plasma and the temporal change of
the target potential were measured. A very unexpected observation was that the plasma leaving the target was first

positively charged and then negatively charged. This was in contrast to the general expectation that an electron

cloud should first leave the plasma. The picture changes, however, if we look at all fields at the surface and in the

interior of the plasma in the genuine two-fluid model if a nonlinear force-driven caviton is generated. Figure 9

shows, near x = 25 txm, where no laser light acts, that a negatively charged plasma expands before the positively

charged plasma follows. Near x = 0, one sees that first a strong positively charged plasma is emitted and then a

negatively charged plasma before a nearly neutral plasma follows. This is the result of the caviton generation.

Though the experiment (Eliezer and Ludmirsky, 1983) was on the nanosecond time scale, the comparison with the

picosecond processes should be justified not only by the correct polarity of the plasma charges but also from other

experiments that showed the picosecond buildup of the cavitons (Briand et al., 1985). The experiment of Eliezer

and Ludmirsky (1983) is an indirect proof that they had also generated cavitons.

A further experiment which can be explained is the energy upshift of alpha particles from laser fusion

pellets. It was observed (Gazit et al., 1979) that the DT-alpha particles from laser fusion pellets had not the expected

maximum energy of 3.56 MeV but showed an upshift by A_ of up to 0.5 MeV. The exact description of the interac-

tion of the alphas with the spatially and temporally varying electric field E(x,t) in the (one-dimensional) plasma

corona is very complicated as the field is non-conservative. The velocity of the alpha particle, v, with an initial

velocity, Vo and mass, mot is given by the complex integral equation,

+ 2e ( t2v(x) = vo -- E[x (t),t] dt
mol 'st 1

; x = v(t)dx (10)

For a very simplified estimate we use,

d(_--_ -_ v2) =2eE[x,t(x)]dx , (11)

with an average value E of E to give the increase of the alpha energy,

Ae = 2EE Ax , (12)

after acceleration along a length Ax of the plasma corona. In order to reach Ae -- 0.5 MeV for Ax = 10 Ixm, we find
F. = 2.7 × 10 3 V/cm. Such fields for Nd glass laser pulses of 1016 W/cm 2 are possible only if the nonlinear force-

produced cavitons (Fig. 10) are present, since lengths very much larger than l0 Ixm are not realistic. Thermally

produced fields of up to l06 V/cm could not produce the measured upshifts of 0.5 MeV. Our results, theretore, are
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notonly aroughexplanationof thealphaupshiftbythe largeelectricfieldsin thecavitonsbutarealsoaclear
indicationthatnothermalelectricfield cancausethemeasuredupshifts.

Wehavepreliminaryresultsontheexactnumericalsolutionof equation(10)fromE-valuesderivedfrom
laserplasmadynamics(Greenetal., 1985).It wasdiscoveredthatbroadE-maximamovewithin0.3to 0.9of the
speedof light (Fig.10).Thecorrectphasingof thechargedparticlesin thefield doesleadto anaccelerationby
multiplesof theestimateof equation(12).It canbeshownhowtodayavailableCO2lasers(Antares)with80TW
shortlaserpulsesandasequenceofseveralpulsescanshiftelectroncloudsof GeVenergytoTeVelectronenergy.
Thecaviton(nonlinearforce)fieldsofthetypeinFigure12of 1011V/cmactlikethe(non-conservative)pumpfields
in themicrowavecavitiesof anaccelerator.Thephasingof thenonlinearforcefield electronaccelerationis an
extensionof theconceptbasedonmanyyearsof workonthenonlinearforceandthethenrecentresultsonhigh
electricfieldsin plasmas(Clarket al., 1985).

V. DISCUSSION AND FURTHER RESULTS

Against all prior assumptions of space charge quasi-neutrality of plasmas, our analysis of genuine two-fluid
hydrodynamics has shown very high electric fields inside of plasmas. These are simply given by gradients of density

and/or temperature (inhomogeneity fields) modified by plasma oscillations due to changes in mechanical motion for

free expansion or due to the nonlinear force-produced block motion or cavitons. A consequence for laser fusion of
the resonance at perpendicular incidence may be significant, but it is only one of numerous anomalous and nonlinear

phenomena known. A more important consequence, however, is the fact that the electric fields in the double layers

change the thermal conductivity drastically. In order to fit experiments with too low temperatures of the interior of

the plasma-irradiated pellet and the low fusion neutron emission with the computations, fitting factors f for reduc-
tion of the thermal conduction were used since 1979 (Ding et al., 1983; Richardson et al., 1986) which were around

1/100. The results of the double layers offer a quantitative theory for this reduction. This and further consequences
of the reviewed results will be discussed in this section (Hora, 1985b).

A. Double Layers and Reduction of Thermal Conduction

The generation of electric fields and double layers inside of plasmas at gradients of density and/or tempera-

ture can cause the inhibition (reduction) of thermal conductivity below the Spitzer-value for the plasma electrons.

This inhibition was detected indirectly from laser fusion experiments when the interior of the compressed pellet did

not reach the temperatures expected from electronic thermal conduction (Cicchitelli et al., 1984), expressed by a
reduction factor f. This can be understood simply from Figure 11 where a double layer is produced between a hot
laser-irradiated corona and the cold pellet interior.

The energetic electrons have left the positive area (causing a mostly negligible preheat), and the following

electrons are returned by the positive charges. If a total disconnection of the electron transport through the double

layer is considered because fo the return current of the electrons, only the ions can transport the heat. The thermal

conductivity K is then that of the ions, K_given by that of the electrons Ke,

K = _:i = _e(m/mi ) ½ , (13)

where m is the electron mass and m i is the ion mass. This gives the factor K/K e ---- 1/70 for the ion mass of deuterium

and tritium used in the experiments where a computation fit with a factor 1/100 was shown (Ding et al., 1983;
Richardson et al., 1986).
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Thisexplanationof thereducedthermalconductionbythedoublelayerdoesnottakeintoaccountthatthe
electronsin thehotplasmamayhaveaMaxwellianequilibriumdistributionof theirenergywithasmallnumberof
veryfastelectronspenetratingthedoublelayer.Thefactorfof thethermalconductionbythefastelectronsthrough
thedoublelayerisgivenbytheratioof theenergyfluxdensityof theelectrons(oftemperatureT) in thex-direction
Eout at x = x2 in Figure 11 over the energy flux density Ei, of the electrons incident from the left-hand side at x = x,,

f = Eout/Ein (14)

Based on an equilibrium distribution n of the electrons with the velocity v = (Vx; Vy; Vz)

n(Vx,Vy,Vz) = n o exp \ 2kT /

where no is the (spatial) electron density, we find,

m v2 n dvxdvydv z = 4rmom(kT/21rn) 3/2Vx 2

(15)

(16)

The flux density Eout must take into account the fact that the energy of the electrons beyond the double layer is

reduced by the electric potential eVo of the layer and only electrons with a velocity component in the x-direction Vx
> Vxo = (2eVo/m) '/2 will be transmitted. This results in,

where

Eout = Sf f-L_ dVydVz fVx_ Vx(mV2/2 - eVo)n dvx

= 47rnom(kT/2 m) 3/2 exp(-o0

(17)

(18)

ot = eVo/(kT). (19)

The final result

f = exp(_eVo/kT ) (20)

is then a simple Boltzmann factor.

From the experiments (Eliezer et al., 1985) there may be good reasons that eVo is more than 5 kT up to at

least I0 kT. In this case f is less than 1/70 given from the thermal ion conduction for D-T plasma. If we, however,

work with the simple (one-dimensional) adiabatic relation eVo = 3kT, the factor f is 1/20, showing a well reduced

but electronically dominated thermal conduction.
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Weconcludethatthereductionof thethermalconductivitybytheelectrostaticdoublelayerbetweenhotand
coldplasmadoesnotnecessarilydropdownto thelow valueof the ionconductivity,anda reducedelectronic
thermalconductionbytheenergetictail of theelectronenergydistributionmayremain.Fortheanalysisof future
experiments,thesevariablesofthermalconductivityfactorshavetobetakenintoaccountif nofurthercompetitive
mechanisms(e.g.,turbulence,classicalthermalconductivityin inhomogeneousmedia)aretakenintoaccount.
Withrespecttotheenergetic(so-called"hot")electronsin laser-producedplasmas,it hasbeenfoundthattheredoes
notexista fastMaxwelliantail of theenergydistribution(McCall,1983)provingthattheseenergiesaredueto
nonthermalquivermotion.Theseelectronswouldnotbeableto contributetothethermalconductionmechanism
discussedhere.Anotherindicationthattheseenergeticelectronsarenot of a thermalnature(veryprobably
representingthecoherentquivermotion)is theveryanistropic"butterfly"directivityof thex-rayemission.

Thereducedthermalconductivityin thedoublelayersatsteepthermalordensitygradients,asgivenbythe
dynamicelectricfieldstrengthE (inhomogeneityfield),equation(9), isanimportantconsiderationin pelletabla-
tion-compressioncomputationswhetherthedrivingis by particlebeamsor by lasers.As longasno nonlinear
forces,nonlinearopticalresponse(absorption),andparametriceffectsareinvolved,thereisalotof similaritytothe
laserdrivingwherethecomputerevaluationof thehydrodynamicsautomaticallyresultsin acompressionof the
plasmabelowthedriverheatedablatingcorona.Asasufficienttemperatureisneededforthecompressedplasmain
thepelletcore,theheattransportbetweencoronaandcoreisessential.If theclassicalelectronicconductivityisused
(withoutchangebytheinhomogeneityfieldsorthespacechargesofthedoublelayers),it isnosurprisethatthelaser
ablationresultedinhighcoredensitieswellafterthemechanicalrecoil,butthetemperaturesweretoolow(Yaakobi
etal., 1984)andtheneutrongainsfromfusionwere104timeslessthanexpectedatthisablationmode(Hora,1981).

It shouldbenotedthattheinhibitionof electrontransportbythedoublelayer(Fig. 11)isvalidalsoforthe
energetic(erroneouslycalled"hot")electrons.Evenif theirenergyissome100keVasinCO2laser-irradiatedfusion
pellets,thenumberofelectronstoproduceaDebyelayeronlycanmovetothepelletinteriortopreheattheplasma.
Thefollowingelectrons,especiallyif theyhavenofastMaxwelliantail of adistribution,cannotpassthe100keV
DL. Theusualelectronpreheatin pelletsis thenonlyafew mJat some100J absorptionof laserradiation.

B. New Resonance at Perpendicular Incidence

The only resonance phenomenon (to be distinguished from parametric instabilities) at laser-plasma interac-

tion is Denisov's (1957) resonance absorption which only may work at oblique incidence of laser radiation for

p-polarization. White and Chen (1974) published the first derivation with the electric field description for a colli-

sionless plasma, showing a resonance maximum of the electric field component of the laser field in the direction

perpendicular to the surface at the critical density for laser light which is obliquely incident and p-polarized. The

resonance in this case is in the evanescent field region below the reflection point of the propagating radiation. When

generalizing this derivation (Hora, 1979) to the case with collisions, the pole of the effective dielectric constant
suddenly changes from minus infinity to a high positive value and the width of Denisov's resonance maximum can

be directly calculated in a transparent way (Hora, 1981).

In difference to this, a resonance was found (Hora and Ghatak, 1985) at perpendicular incidence of the (laser

driven) longitudinal dynamic plasma field E (not the laser field) of such magnitudes that some phenomena at

perpendicular incidence may be explained now where Denisov resonance was mentioned hoping that density ripple

provides the necessary oblique incidence. This was questionable with respect to the low angle of incidence.

While the results on the numerical theory of the genuine two-fluid model were most general, the simplified

analytical evaluation of the equations was possible by neglecting terms because of the electrons to ion mass ratios,
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droppingdiscussionsof integrationconstantsandreducingtolocaldifferentiationsandbycouplingwithMaxwell's
equations.In a laser-irradiatedplasmaforperpendicularincidence,aninhomogeneousoscillationequationis then
derived(withdrivingterms)for the(longitudinallyoscillatingdynamic)electricfieldE whichisperpendicularto
thedrivinglaserfield EL(andHL).Thesolutionof thedifferentialequationresultedinequation(9).

Thelastterminequation(9)significantlyindicatedaresonanceof COp= 2to(4timesthecriticaldensity).
Thiswasnotedapproximativelybeforeandevaluatedroughlynumerically(Horaet al., 1984;HoraandGhatak,
1985).ThemorepreciseevaluationwasperformedbyGoldsworthyetal. (1986).It isstressedagainthatin eval-
uatingthelastterminequation(9)beforetimeaveraging,thewholenonlinearforceneedstobestrongenoughsuch
thatthetermproportionalto sin(2tot)resonantlydominates.Thecoefficientof thistermis

2vco e b (EL2+ HL2) (21)
ER= 2 4o22)2+ 16v2co2 2m ax

(COp-

In orderto getthesolutionsELandHLfromtheinhomogeneousplasma we especially select the condition that the

electron density is increasing linearly in the region of the evanescent field. In this case, the wave equation can be

solved by Airy functions (Lindl and Kaw, 1971; Goldsworthy et al., 1986). The full resonance amplitude given in

equation (21 ) can now be evaluated numerically for any slope of the linear density profile and a constant temperature

(collision frequency) by numerically solving EL, deriving HL from Maxwell's equations and calculation fi, and

using these values to compute the resonance amplitude ER.

Numerical evaluation of the resonance phenomenon described in the previous sections was carried out for a

plasma irradiated by neodymium glass laser light.

In Figure 12 the value of E R of the resonant field amplitude is plotted as a function of depth x where the zero

of the depth axis represents the critical layer. Noting that the resonant field depends linearly on the incident laser
intensity, only the results of the realistic case, an initial intensity of 1016 W/cm 2, are discussed.

The electron collision frequency v is density dependent and is given by

n e
v=2.72X 10"5_ £nA

T3/2
(22)

where ne is the electron density per cubic centimeter, Te is the electron temperature in electron volts (eV), and £n A

is the Coulomb logarithm.

Results have been obtained for several different plasma temperatures, of which the case for 1 keV is given in

Figure 12. The gradient of the density profile was varied as a parameter of the curves. The gradient is determined by

Or,

or2 = (bne/aX)- 1_o/c (23)

where the maximum of each curve is at such depth x where the density has reached 4 times the critical density.

Figure 12 shows the results for the conditions T_ = 1 keV for different depths of the maxima. The density gradients

ct2 range from 140 to 240. T_ is the effective temperature (chaotic plus coherent motion of the electrons) which can

well have the values of 10 4 eW at high laser intensities. Figure 13 evaluates the maximum field Emax of ERaS Emax/EL

related to the amplitude of the laser field in vacuum for various plasma temperatures.
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Figure 13 shows that any strong resonance effect can be expected only when the profile has a very high

steepening such that 4 times the density is reached at one wavelength or less below the critical density. This high

steepening, however, is not unusual in cases where the nonlinear force is dominating the plasma dynamics
(Ahlstrom, 1982; and Montes and Willi, 1982).

For laser-plasma interaction at perpendicular incidence a resonance is analyzed which produces high electric

fields oscillating with the second harmonic perpendicular to the plasma surface (longitudinal oscillations). These

fields are found in the application of a new genuine two-fluid hydrodynamic theory which is not restricted by space

charge quasi-neutrality. For linear density profiles beyond the critical density, the resonance maxima are evaluated

on the basis of the Airy functions and reach considerably high values for such profiles which can be generated by

nonlinear force driving of the laser-plasma dynamics. Even the necessary high temperatures (appearing then as
quiver energy as in the theory of the optical constants) seem to be reasonable. This perpendicular resonance mech-

anism may possibly be distinguished from the ordinary nonlinear force acceleration by the appearance of electron
bursts.

C. Density Independent Second Harmonics Emission

A rather surprising phenomenon was reported by Mayer et al. (1982). Irradiating a plane target in vacuum by

a neodymium glass laser, a side-on time-integrated picture in the second harmonic frequency showed the large

plasma plume in nearly constant 2o) intensity though the plasma density has been lower by orders of magnitudes in

the outermost parts of the plasma than in the focus. A similar observation was detected more precisely (Aleksan-
drova et al., 1985) from a 400 txm diameter pellet irradiated by a 2 ns rectangular neodymium glass laser pulse

(Delfin), where a nearly constant 2to radiation from a sphere of 2 mm diameter (to which the pellet corona had

expanded during the laser irradiation) was detected. The fact that the very low peripheric plasma density emits the

same 20) radiation as the inner part of the cut-off density can be explained by the middle term of equation (9). The

factor is nearly density-independent at low top (tOp << tO), and the standing wave pattern may result in a constant

nonlinear force factor; therefore, this term of equation (9) should produce a spatially constant term of the dynamic
electric field Es as long as the laser is shining.

While this gives a qualitative explanation of the observation, a quantitative evaluation of the transfer of the

dipole oscillation of E into emission of electromagnetic radiation results in an emission power of about 10 6 watts

(Goldsworthy et al., 1986). The experimental evaluation of the calibration of the experimental results in a 2to-power
of about 105 watts (Fedotov et al., 1985).

D. E x B Rotation of Plasmas

Since the dynamic electric fields, e.g., (9), in plasmas are (apart from the oscillations, damping, and

transient effects of internal and/or external plasma dynamics) in a simplified way due to gradients of electron density

and/or temperature, their E x B interaction with external magnetic fields B may cause drift motion or rotation of
plasmas. We shall first discuss this as examples with plasmas without laser irradiation, e.g., with tokamaks and

stallarators, and then consider the extremely high E-fields by the nonlinear forces in laser-produced plasmas that

describe fast block acceleration of plasma. There is a similarity to the simple ambipolar field effects.

The consequences for dynamic inhomogeneity electric fields in tokamaks are not only the modification of

the thermal conduction but also the resulting basic change in the dynamics. The radial decay of density and tempera-

ture in any plasma column produces an inhomogeneity field in the radial direction which under stationary conditions
is given by equation (9)
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3 d
E s - nekT e ° (24)

ene dx

This field combines with the toroidal magnetic field B and causes a drift with the velocity of the poloidal plasma

rotation in meters/second (Fig. 14)

Vro t = 3T/rB , (25)

where the electron temperature is in electronvolts, the radius r of the plasma column is in meters, and B is in Tesla.

Measurements from tokamaks fully agree with the result of equation (25). Bell (1979) measured rotation
velocity v = 2 x 10 3 m/s for r = 2 X 10-2 m, B = 0.5 T, Te = 50 eV for which case equation (25) results in v =

2.4 x 10 3 m/s. These plasma rotations were detected from the Doppler shift of Hot-lines, with similar agreement

with equation (25), by Sigmar et al. (1974) who did not interpret them as plasma rotation, but as an anomaly of hot

protons in the banana and plateau regimes. The agreement with equation (25), however, favors an interpretation of a
simple rotation.

The same is with the experiment at the stellarator W7, where the result of 1980 agrees with a rotation accord-

ing to equation (25). As this experiment was with tangential neutral beam injection, one would have had to exclude

the rotation of these neutrals, which is difficult. Recent measurements at W7 without neutral beam injection but

with plasma production by intensive microwave irradiation and heating (Thumm, 1985) result in exactly the same

rotation given by equation (25).
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Figure 1. Between the vacuum range A and the space charge neutral interior of homogeneous

plasma C, the plasma surface sheath is depleted by the escape of fast electrons until such a strong

space charge is built up that the following fast electrons from the plasma C are electrostatically
returned into C. The electric field E(x), due to the space charge density p(x), and the resulting

potential V are given schematically (Hora, 1975).
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Figure 2. Experiment for a laser-irradiated pellet whose potential and the field [by the Rogowski

coil I(t)] are measured.
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Figure 3. Time-dependent development of the longitudinal dynamic electric field E_ along the

density with an initial ramp of linear plasma of initial temperature 107 K of 5 × 102° cm -3 at x -- 0

and 1021 cm 3 at x = 10 p_m (Lalousis and Hora, 1983).
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Figure 6. Ion density of a 25 I_m thick hydrogen plasma slat initially at rest and 1 keV temperature

irradiated from the left-hand side by a 1016 W/cm 2 Nd glass laser. At t = 0.6 ps the density is very

similar to its initial value. The energy maximum near x = 4 txm produces a caviton by nonlinear
forces.
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Figure 10. Electric field E = Es inside the plasma of Figure 3 dynamically evolving with absolute

values beyond 10 8 V/cm near the caviton produced by the nonlinear laser forces at times (in picose-

conds) 0.6-; 0.8...; 1.0-; 1.1 ....
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Figure 12. Resonance amplitude ER of the longitudinal electric field, as a function of the depth x

below the critical density, for neodymium glass laser irradiation of 1016 W/cm 2 into plasma with a

temperature of I keV. The parameter for profile steepening a2 ranges from 100 to 240. The critical

density ne corresponds to the axis x -- 0.
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